Unlike the pier scour in bridge waterways, the local scour at offshore monopile foundations should take into account the effect of wave-current combination. Under the condition of wave-current coexistence, the water-soil interfacial scouring is usually coupled with the pore-pressure dynamics inside of the seabed. The aforementioned wave/current-pile-soil coupling process was physically modeled with a specially designed flow-structure-soil interaction flume. Experimental results indicate that superimposing a current onto the waves obviously changes the pore-pressure and the flow velocity at the bed around the pile. The concomitance of horseshoe vortex and local scour hole around a monopile proves that the horseshoe vortex is one of the main controlling mechanisms for scouring development under the combined waves and current. Based on similarity analyses, an average-velocity based Froude number (Fr a ) is proposed to correlate with the equilibrium scour depth (S/D) at offshore monopile foundation in the combined waves and current. An empirical expression for the correlation between S/D and Fr a is given for predicting equilibrium scour depth, which may provide a guide for offshore engineering practice. monopile, pore-pressure, scour depth, combined waves and current, Froude number
Introduction
With the growing renewable energy needs around the world, offshore wind energy is fast becoming an attractive proposition in the last two decades for its rich resources, close proximity to electricity demand centers and little impact on local communities. China owns 200 GW wind energy capacity at the height of 50 m above the sea level in the inshore areas within the water depth of 5-25 m [1]. A target of 30 GW ambitious plans for large-scale offshore wind energy development has been proposed by 2020 in China, which makes the nation emerging as the second global hotspot after Europe for offshore wind development [2] . The dimensions of the offshore wind turbines are huge (as large as 90-150 m), posing significant challenge in the design and construction of the foundations and making the foundations account for approximately 20%-30% of total offshore wind farm project costs [3, 4] .
At present, monopile foundation is the most popular foundation type for offshore wind turbines in shallow to medium-deep waters. The diameter of the monopile can be up to approximately 4-7 m to bear the huge loads and bending moment in the offshore environments. The large diameter of the monopile mainly brings two effects. On one hand, the large diameter makes the corresponding KC number relatively small with a typical range of 0-10. The Keulegan-Carpenter number (KC) is defined as
where U wm is the maximum velocity of the undisturbed wave-induced oscillatory flow at the sea bottom above the wave boundary layer; D is the pile diameter; T is the wave period. On the other hand, small slenderness ratio (i.e. the ratio of pile embedment length to its diameter is normally around 5) leads to that the maximum scour depth could be up to 25% of the pile embedment length [4] . As such, the bearing capacity of the large-diameter monopile is quite sensitive to the water-soil interfacial scouring development and the pore-pressure dynamics inside of the seabed. Unlike the pier scour in bridge waterways, the local scour at offshore monopile foundations should take into account the effects of wave-current combination. In the offshore environments, waves generally coexist with current [5] , propagating either along or against the current. This makes the soil response around the pile more complicated than that due to waves or current alone. From the viewpoint of engineering practice, it is vitally important to better understand the fluid-pile-soil coupling mechanism and acquire the knowledge of pore-pressure response around the pile. Meanwhile, the scour depth prediction at a monopile foundation is attracting more and more attention [6] [7] [8] [9] [10] [11] . Nowadays different offshore standards [12] propose the use of the equation in ref. [13] (see eq. (2)) for scour depth prediction around offshore wind turbines under the combined waves and current. This equation originates from the database of scour around a pile under waves alone and can thus produce a great inaccuracy [14] . It is of great significance to accurately predict the equilibrium scour depth around a monopile in the combined waves and current for practical engineering.
Numerous scour equations around a pile in steady current have been developed since more than half a century ago. Most studies focus on the scour of noncohesive sediment, in spite of many studies on the erosion of cohesive sediment by flow [15] . Melville and Sutherland equation [16] and the Colorado State University (CSU) equation [17] are two of the most commonly used scour equations. They give somewhat conservative estimates of scour depth, the former perhaps more so than the latter [18] . Other well-known scour equations are presented in refs. [19] [20] [21] [22] [23] . The accuracy of the equations was evaluated and compared in refs. [18, 24] . A comprehensive description of scour around pile in steady current can be found in refs. [25] [26] [27] .
For scour depth around pile exposed to waves alone, the number of prediction equation is much small compared with that under steady current. Sumer et al. [13] conducted a large number of experiments and found the following expression for the equilibrium scour depth in the live-bed condition:
where S is the equilibrium scour depth at the pile. Dey et al. [28] presented the results of equilibrium scour depths at circular piles in clay and sand-clay mixed beds under waves alone. The variation of equilibrium scour depth with KC for different soil conditions follows an exponential law, as was given by Sumer et al. [13] , having different coefficients and exponents. Recently, Zanke et al. [29] proposed the following unifying equation for the prediction of equilibrium scour depth around a pile under the action of waves, tidal or steady currents:
where x rel =x eff /(1+x eff ), x eff = 0.03(10.35U cr /U) (KC6), U is the mean velocity in case of steady currents, and U cr is the critical velocity for initiation of sediment motion. Recent reviews of the subject were put forward in refs. [26, 27] .
The coexistence of waves and current is the most usual condition for shallow-water subsea locations. Nevertheless, the related research is relatively few. Sumer and Fredsøe [30] conducted a series of tests of irregular waves propagating either along or perpendicular to the current, indicating that the scour depth under the combined waves and current is influenced by the KC number and the ratio of velocities (U cw , defined in eq. (8)). Sumer and Fredsøe [27] carried out reanalysis of scour data in ref. [30] and derived the following empirical expression for the scour depth under the combined waves and current:
in which S c is the scour depth for the current-only case, and the parameters A and B are given as (4) is not very much optimistic [31] . Recently, Sumer et al. [32] presented some new experimental scour data under the combined waves and current. Qi and Gao [33] conducted an experimental investigation of the local scour development under the combined waves and current at a monopile. The influence of the wave propagating direction relative to current is obvious. The interaction between scour development and pore-pressure response around the pile was discussed. The aforementioned studies on the scour prediction around a pile under the combined waves and current mainly focused on the cases with relatively large KC numbers (KC>4), while the typical value of the KC number for monopiles in practical offshore situations is relatively small. No accurate prediction model for equilibrium scour depth around a pile under the combined waves and current has been established.
In this study, the wave/current-pile-soil coupling process of local scour around monopole foundation was physically modeled with a specially designed water flume. Based on similarity analysis, a series of flume tests were conducted to investigate the pore-pressure response and the scouring development around the test pile in the combined waves and current.
Similarity analyses and physical modeling

Similarity analyses
The local scour around a pile under the combined waves and current involves a complex interaction between wave/current, pile and its neighboring soil. It is of significant importance to identify the non-dimensional variables that play the most relevant role on the scour around a pile under the combined waves and current.
For the local scour around a pile in the combined waves and current, there exist many pertinent parameters characterizing the pile, sand-bed, fluid properties and hydrodynamic loads. The pile properties can be characterized by its diameter (D). The sand-bed properties can be summarized by median diameters of soil (d 50 ), geometric standard deviation of grain size distribution (σ g ), sediment grain density (ρ s ), coefficient of permeability (k s ), shear modulus of soil skeleton (G), and degree of saturation (S r ). The fluid physical properties can be characterized by water density (ρ w ) and kinematic viscosity of water (ν). The wave-current combined oscillatory flow can be characterized by water depth (h), wave period (T), maximum velocity of the undisturbed wave-induced oscillatory flow at the sea bottom above the wave boundary layer (U wm ), and representative near-bed velocity of the current component of the undisturbed combined flow (U c ). The gravitational acceleration (g) is included among the variables due to the presence of a free surface and the different density between the sediment and water. Based on the aforementioned analysis, the equilibrium scour depth (S) can be described by the following functional relationship:
There is no general agreement on what specific set of dimensionless parameters should be utilized. It can be argued that a typical set of dimensionless parameters should include subsets to represent the interactions between fluid-flow and pile, between fluid-flow and sediment, and the relative size of the representative current velocity to representative wave velocity [34] . Therefore, based on the Buckingham Pi-Theorem in the dimensional analysis, choosing D, g and G as the repeating variables, the equilibrium scour depth normalized with pile diameter can be expressed in the following non-dimensional forms:
in which the average-velocity based Froude number (Fr a ), the ratio of velocities (U cw ), the pile Reynolds number (Re) and the Shields parameter (θ) are defined as follows, respectively:
is the average water particle velocity during one-quarter cycle of oscillation under the combined waves and current when the oscillatory motion and the current are in the same direction; U m (=U c +U wm ) is the maximum value of the combined waves and current velocity at the level of 1.0D above the sand-bed; and U f is the maximum value of the undisturbed friction velocity, which can be calculated from the variables in eq. (5) characterizing the sand-bed properties, fluid physical properties and wave-current combined oscillatory flow [35] .
The parameter Fr a in eq. (7) is a newly proposed pile Froude number definition under the combined waves and current, based on the average water particle velocity (U a ). The dependence of S/D on Fr a will be detailed in Section 3.2.
The ratio of velocities (U cw ) has been proved to be an important dimensionless parameter [30] . The KeuleganCarpenter number (KC) is the controlling parameter for vortex generation and development around a cylindrical structure in waves, which was used for correlation with the scour depth around a pile under the action of waves alone and waves plus current [13, 30] .
In the present tests, the pile Reynolds number is approximately O(10 4 ), so the flow around the test pile is turbulent. The effect of pile Reynolds number is usually negligible for turbulent flow [36] .
The Shields parameter (θ) is a non-dimensional shear stress at the surface of sediments in a flow, whose physical meaning is the ratio of fluid force on the particle to the weight of the particle. The detailed calculation procedure of θ under the combined waves and current was given by Soulsby [35] . The variation of the scour depth with θ at the bridge pier in a steady flow was given by Melville and Coleman [37] . Under the combined waves and current, the wave-induced upward seepage force makes the sand grains easier to be lifted, the bed more vulnerable to motion, i.e. decreasing the critical Shields parameter (θ cr ) and making the bed surface more susceptible to the scour [38] . [40, 41] . Consequently, a prototype scour depth predicted based on the flume scour data is greater than that in practice, i.e. a relatively conservative or safe prediction value of scour depth should be expected. A reduction of the scour depth prediction should be fulfilled according to the dependence of scour depth on D/d 50 .
h/D is the relative proportion of flow depth and pile diameter, which is useful for describing the interaction of the downflow into the scour hole and the horseshoe vortex around the pile [36, 37] . ρ s /ρ w is the specific density of the sand and ρ s /ρ w =2.65 for the quartz sand. σ g characterizes the gradation of the sediment.
Experimental set-up and procedure
The experiments were conducted in a flow-structure-soil interaction flume (52 m long, 1 m wide and 1.5 m high) at the Institute of Mechanics, Chinese Academy of Sciences. The water depth (h) was kept constant at 0.5 m, as illustrated in Figure 1 . A saturated sand-bed was adopted to simulate a sandy seabed, whose main physical properties are listed in Table 1 . The detailed information of the flume and sand-bed can be found in ref. [33] .
Far-field wave height was measured with a wave height gauge along the central line at the distance 15 m apart from the pile. An Acoustic Doppler Velocimetry (ADV) was mounted to measure the undisturbed flow velocity at the level of 1.0D above the sand-bed at the distance 20 m apart from the pile centre. Four GE Druck miniature porepressure sensors were utilized to measure the pore-pressure at upstream and downstream pile edges. The scour depth evolution at upstream and downstream pile edges was monitored with two ultrasonic distance sensors.
Test conditions and scour measurements are summarized in Table 2 for current alone and current with following waves, and Table 3 for current with opposing waves. The scour depth, pore-pressure response around the pile, wave height and flow velocity were measured simultaneously. Low KC number conditions are more common in the practice and related study for waves-current combined condition is scarce. Thus the KC number in the present experiments lies in the range 0 to 4.
The variable quantities U c and U wm in Tables 2 and 3 are individually the velocity of the current component and orbital component of the undisturbed combined flow, measured at the level of 1.0D above the sand-bed, representing the characteristic flow velocity at the boundary layer.
The critical Shields parameter for the sediment initiation on the bed can be calculated by [35]   cr * *
in which
s g is known as the dimensionless grain size. For the present examined medium sandbed, the value of θ cr is 0.036. As shown in Tables 2 and 3 , the live-bed scour regime prevailed in the present experiments except runs 1, 5 and 9.
3 Results and discussions
Pore-pressure response around the pile
Wave-induced pore-pressure could exert upward seepage force onto the particles at the wave troughs and even liquefy the soil around the pile [42] . Pore-pressure response around the pile under the action of waves is complicated for the interaction between the soil, impervious pile boundary, and vortices induced by pile blockage. Superimposing a current would further increase the complexity of this issue. There usually exist two mechanisms for wave-induced pore-pressure response, including oscillatory pore-pressure and residual pore-pressure [43] . The build-up of pore-pressure (residual pore-pressure) has not been observed for the examined hydrodynamic loads and the medium sand, which might be due to high permeability of the test sands (see Table 1) [33] .
The amplitudes of the pore-pressure at both the upstream pile edge and downstream pile edge under waves alone, waves with a following current, and waves with an opposing current, are shown in Table 4 . The waves adopted in 
s).
It is seen that under the condition of waves alone, the amplitudes of pore-pressure at the upstream pile edge are greater than those at the downstream pile edge (①>② in Table 4 ). This is attributed to the influence of the largescale wake vortices (see Figures 2(a) and (b) ). Since the diffraction parameter D/L (L is the wave-length) is relatively small in these tests (D/L<0.08), it is reasonable to assume that the upstream and downstream pile edges are always either in the wave crest area or wave trough area at the same moment, as shown in Figure 2 . The waves induce a local flow nearby the pile, whose travelling direction is following the wave propagating direction in the wave crest area and opposing the wave propagating direction in the wave trough area. In the wave crest area, wake vortices occur at the downstream pile edge and produce a region of low pressure nearby the vortices, which could make the exerted maximum wave pressure at the bed near downstream pile edge decrease. Likewise, in the wave trough area, the minimum pore-pressure at the bed near the upstream pile edge will also get smaller due to the wake vortices. The decreased maximum wave pressure near the downstream pile edge and minimum wave pressure near the upstream pile edge altogether lead to larger pore-pressure amplitudes at the upstream pile edge. The amplitude of far-field pore-pressure response increases after superimposing a following current and decreases after superimposing an opposing current [44] . The vortices structure nearby the pile under the combined waves and current would be different from those under waves alone. Under the action of waves and a following current, at the wave crest, the maximum value of the flow velocity increases (see Figure 2(c) ). Thus the horseshoe vortex could emerge at the upstream pile side and wake vortices are intensified on the downstream pile side. The horseshoe vortex will exert an extra pressure load onto the bed [45, 46] and increase the amplitude of the bed wave pressure, while the intensified wave vortices will produce a region of low pressure and decrease the amplitude of the bed wave pressure. Considering the preceding effects of far-field pore-pressure response and vortices around the pile altogether, the porepressure amplitude at the bed increases at the upstream pile edge (③>① in Table 4 ) and decreases at the downstream pile edge (④<② in Table 4 ) after superimposing a following current onto the waves. Likewise, the pore-pressure amplitude at the bed also increases at the upstream pile edge (⑤>① in Table 4 ) and decreases at the downstream pile edge (⑥<② in Table 4 ) after superimposing an opposing current onto the waves (see Figures 2(e) and (f) ).
The pore-pressure amplitudes at either upstream or downstream pile edge in 10 cm deep soil always obey the rule that a following current makes them increase and an opposing current makes them decrease. The variation of the pore-pressure amplitudes at pile edges due to superimposing a current is consistent with that at far-field soil. This is attributed to the fact that the soil response around the pile at a certain depth is a three-dimensional issue, and can be affected by not only the exerted bed pressure just above the soil, but also the response of the neighbouring soil.
Prediction of equilibrium scour depth based on Fr a
According to similarity analysis, under the condition of the combined waves and current, the average-velocity based pile Froude number (Fr a , see eq. (7)) could be a crucial dimensionless parameter to determine the equilibrium scour depth (see eq. (5)). In fact, for the case of current alone, the pile Froude number ( c  Fr U gD ) has been proved to be a significant parameter controlling the scouring process around a pile [47] . Ettema et al. [36] concluded that Fr represented the flow gradients around the pile and was responsible for the formation of the horseshoe vortex, which was the main flow structure to initiate and maintain the scouring process. Ettema et al. [48] further revealed that Fr expressed the scale of wake vortices shed from a cylinder in a current, which was also a significantly important mechanism for scouring process. Moreover, several scour depth prediction models for piles under current were proposed as a function of Fr [49, 50] , further confirming the crucial effect of Fr on the scour depth. It can be reasonably inferred that for the case of the combined waves and current, Fr may relate to the aforementioned flow structures such as horseshoe vortex and wake vortices, which are responsible for the scouring process. Dependence of S/D on Fr should be expected under the combined waves and current. Umeda et al. [51] defined a dimensionless parameter A 0 to correlate with the scale of the horseshoe vortex around a cylindrical pile under the combined waves and current. The scale of the horseshoe vortex is characterized with the separation distance, x s , associated with the formation of the horseshoe vortex at the phase when the oscillatory motion 
in which V r (=U c /U wm =U cw /(1U cw )) is named current ratio. The physical meaning of A 0 is the ratio of the travel distance of water particle during one-quarter cycle of oscillation to the pile diameter. As indicated in Figure 3 , A 0 correlates well with x s (represented with hollow circle in Figure 3 ). The separation distance (x s ) is zero for A 0 <0.5, which means that no horseshoe vortex exists for A 0 below 0.5. The present scour depth data is also plotted as function of A 0 along with the scour data of Sumer and Fredsøe [30] and Sumer et al. [32] . It is indicated that the scour depth also tends to be nil for A 0 below 0.5. The critical value of A 0 for scour depth occurrence is consistent with that for horseshoe vortex occurrence. This coincidence proves that the horseshoe vortex plays a key role in governing the scour process under the combined waves and current.
As aforementioned, the horseshoe vortex around the pile could relate to Fr. Therefore, S/D should be closely dependent on Fr for the combined waves and current condition. The average water particle velocity during one-quarter cycle of oscillation (U a ) is adopted in the definition of Fr for the combined waves and current condition (see eq. (7)). This new definition of Fr is named the average-velocity based pile Froude number and symboled with Fr a . By adopting U a in the definition, Fr a is correlated with A 0 , which reflects the scale of the horseshoe vortex, and thus relates to the scour process.
The equilibrium scour depths (live-bed scour regime) under waves and current obtained from the present experiments are plotted as a function of Fr a in Figure 4 , along with those of Sumer and Fredsøe [30] and Sumer et al. [32] . The test conditions of the data set in Figure 4 are listed in Table 5 for Sumer and Fredsøe [30] , and Table 6 for Sumer et al. [32] , separately. No observable difference was detected between the following-current cases and opposingcurrent cases. There is a general and qualitative agreement between the present results and the results of the preceding studies, in spite of different ranges of KC values, water depth and sand grain size.
The scour depth data in Figure 4 can be formulated with the following empirical expression: 
S D Fr
Fr KC (13) Eq. (13) indicates that the scour depth approaches its mathematical asymptotic value (S/D  2.0) as Fr a increases (e.g., larger than 1.0). Note that this asymptotic value is in the range of a typical maximum scour depth prediction (S/D  1.7 to 2.4) by previous local scour equations around a pile for current-alone conditions. The accuracy of the data fitting with eq. (13) is evaluated by comparison with the present and the previous test results of scour depths. Figure 5 shows that approximately 85% of experimental data distribute in the range of 25% error lines. The present empirical prediction covers the examined KC range (0.4<KC<26) for the combined wave-current conditions. 
Conclusions
The local scour around a monopile foundation under the combined waves and current involves a complex interaction between wave/current, pile and its neighboring soil. Unlike the pier scour in bridge waterways, the local scour at offshore monopile foundations should take into account the effects of wave-current combination. Based on the similarity analysis, a series of large flume tests have been conducted to reveal the wave/current-pile-soil coupling physical mechanism and to predict the equilibrium scour depth at monopiles in the combined waves and current. The following conclusions are drawn. 1) Superimposing a current onto the waves obviously changes the pore-pressure and the flow velocity at the bed around the pile. The concomitance of horseshoe vortex and local scour hole around a pile proves that the horseshoe vortex is one of the controlling mechanisms for scouring development under the combined waves and current.
2) An empirical prediction model of equilibrium scour depth in the combined waves and current is established and matches well with the existing test data. This empirical model may provide a guide for offshore engineering practice.
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